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Abstract
Concerns about environmental problems such as 
water pollution, eutrophication, acidiﬁ cation, air pol-
lution, global warming, ozone layer depletion associ-
ated with nitrogen (N) load are increasing. Global N 
load associated with agriculture and food consump-
tion is supposed to account for 90% of the total in-
creased N load during the 100-year period, and there 
is a large N load in Asian countries with the remark-
able growth of the population. 
Using the inventory data concerning the ﬂ ows and 
stocks of N in the systems of agriculture and food 
consumption, and the census data in each prefecture 
of Japan, the export (E), cycling (C), loss (L) and 
puriﬁ cation in sewage plants (P) were estimated, and 
their total is obtained as a total system throughput 
(TST). The L increased with the increase of TST and 
accounted for 50% of the TST. The L increased with 
the increase of proportions of urban area and upland 
crop ﬁ eld signiﬁ cantly. And the L also increased with 
the increase of population, livestock excreta, and 
chemical N fertilizer application, and decreased with 
the increase of N ﬁ xation signiﬁ cantly. 
Stream TN concentration in each prefecture in Ja-
pan was estimated by assuming the ratio of stream 
runoff to net N input (NNI) of 0.27 and the ratio of 
stream water discharge to precipitation of 0.75. The 
NNI is defined as the difference between the input 
and the output of N in the region, and equals to L+P. 
The area with the estimated TN concentration higher 
than 1 mg N L-1, which is the Japanese environmental 
standard for stream TN concentration, was 66% of 
the total area of Japan. In that case, 66.7% of NNI 
was derived from agriculture, and disposed livestock 
excreta accounted for 14% of L. If all the livestock 
disposal excreta N were used to alter chemical N fer-
tilizer application, total NNI was reduced by 10.8 % 
and NNI derived from agriculture decreased to 62.7% 
of the total NNI, and the area with the nitrogen con-
centration higher than 1 mg N L-1 reduced to 31%.
N
2
O emission in each prefecture in Japan was esti-
mated by assuming that NNI not discharged to river 




 (based on the signiﬁ cant in-
crease of stream bicarbonate runoff with the increase 







) of 0.71±0.26 (which was measured for 
the 84 soil samples with pH of 4.3 to 6.6). The result 
showed 51% of NNI was estimated to be emitted as 
N
2
O. However, this estimation is considerably larger 
than the estimation in National Inventory Japan 2011. 
This might be due to the methodological problem in 






) ratio. By alteration 
of chemical N fertilizer to disposed livestock excreta 
N, regional N
2
O emission can be reduced by 10.8%. 
These findings suggest that reduction of regional 
N import is effective to mitigate N loss from agricul-
ture. Further improvement of self-sufﬁ ciency of food 
to reduce the loss from sewage plants should be dis-
cussed more carefully.
1. Introduction
By chemical nitrogen (N) fixation developed by 
Haber-Bosch in 1913, human beings obtain a chemi-
cal N fertilizer and can perform stable food produc-
tion now. However, distinct N load to environment 
has been increasing through the processes of agricul-
ture and food consumption. The amount of global N 
cycling becomes increase very much. There are in-
creasing evidences that global N cycling is seriously 
unbalanced by human activities. Galloway and Cowl-
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ing (2002) estimates that during a 100 year period 
from 1890 to 1990, the input of anthropogenic N in 
the earth’s terrestrial area increased from 15 Mt N to 
118 Mt N due to increase of chemical N fertilizer use 
and legume crops cultivation. Total N input including 
atmospheric N deposition was doubled from 131 Mt 
N in 1890 to 283 Mt N in 1990. About 90% of the 
total increasing N load is caused by agriculture and 
food consumption. The increasing N load to environ-
ment results in the following various problems: 1) 
freshwater pollution by nitrate (NO
3
-); 2) air pollution 
by nitrogen oxide gas; 3) coastal eutrophication by 
stream N runoff; 4) N saturation of a forest by atmo-
spheric N deposition; 5) influence on biodiversity 
by the invasion of high nitrogen reactivity plant; 6) 
acidiﬁ cation by nitriﬁ cation of applied ammonium N 
in the soil; 7) global warming enhanced by N
2
O emis-
sion from the soil. 
There is a large N load in Asian countries with the 
remarkable growth of the population. The consump-
tion of chemical N fertilizer in East Asian and South 
East Asian countries is estimated as 31.5 Mt N, which 
accounts for 37% of the world consumption (FAO, 
2011). The area of these countries is 1.46 × 109 ha, 
which is 11% of the world’s land area. Therefore, 
there is concern about the severe impact of N load 
on the environment in those countries, and the need 
for mitigating impacts is strong. Thus, the prevalent 
situation over a wide area must be evaluated. Current 
trends suggest that N-related problems are likely to 
worsen. Increase of food demand is likely to increase 
fertilizer use. Essential improvement for N cycling 
associated with food production and consumption is 
needed.
The N flows associated with agriculture and food 
consumption occur regionally. Regional surplus N is 
resulted from the unbalance between the N input (I) 
into the region, associated with atmospheric N depo-
sition, chemical N fertilizer application, legume crop 
N fixation, and import of food and feed, and the N 
output from the region, associated with the export of 
agricultural production (E). The surplus N is equal to 
the net N input (NNI) for N discharge from the region 
which was deﬁ ned by Howarth et al. (1996). If there 
is no N stock in the region, most of NNI discharges 
to stream and atmosphere (Howarth et al., 1996). If 
denitriﬁ cation in the sewage plant and in farmlands is 
deﬁ ned as puriﬁ cation (P), N loss to environment can 
be approximate as difference of NNI and P. That is, 
NNI can be written as; 
NNI = I – E = L + P     (1)
The L includes stream N runoff, N
2
O emission and 
NH
3
 volatilization. From the equation (1), it is clear 
that in order to reduce the N loss, decrease of N input 
is required. However, in the agricultural system, N 
cycling (C) associated with application of manure 
and residue occurs during N input and N output. The 
N cycling elongates N ﬂ ow through the system. The 
N ﬂ ow through the whole system is called total sys-
tem throughﬂ ow (TST) and is deﬁ ned as the sum of 
N cycling, export, loss, and puriﬁ cation. That is,
TST = C + E + L + P     (2)
Finn (1980) deﬁ ned the ratio of the C to TST as the 
cycling index (CI) and indicated that an increase of 
CI increased the production in the natural ecosystem. 
In the same manner, the ratios of export, loss, and 
purification to TST as export index (EI), loss index 
(LI), and puriﬁ cation index (PI), respectively (Hatano 
et al., 2005). The purpose of the agriculture is the in-
crease of the E. From the equation (2), in order to in-
crease E, TST should increase. However, the increase 
of TST may increase L. 
Watershed scale including all kind of land uses is 
the proper scale of the analysis of N ﬂ ows, regional 
activity data are most often available for municipal 
units (Kimura et al., 2009). 
On the other hand, stream N discharge from the 
watershed can be measured, and previous results 
(Howarth et al., 1996; Boyer et al., 2002 and Hayaka-
wa et al., 2009) show that the stream N discharge is 
signiﬁ cantly correlated to the NNI in the watershed. 
Therefore, regional stream N runoff can be estimated 
from the NNI calculated using the municipal units.
Concerning N
2
O emission, usually the emission 
factors related to N application rate and stream NO
3
- 
leaching have been used (Mosier et al., 1998). How-
ever, the emission factors include a lot of uncertain-
ties due to soil type (Akiyama et al., 2006) or climatic 
condition (Toma et al., 2007). Therefore, in order to 
estimate regional N
2
O emission, more comprehensive 
approach is required. The source of regional N
2
O 
emission is NNI. Based on the equation (1), NNI 
composed of two parts, one is stream N runoff and 










. Therefore, difference 
of NNI and stream N runoff is an approximate of 
denitriﬁ cation. Based on the chemical reaction of de-





- denitrified according to the fol-














O     (3)
However, the chemical weathering of the soil and 



















































 → 0.5Ca2+ + 0.5Mg2+ 
+ 2HCO
3
-     (6)
Therefore, the denitriﬁ cation and the chemical weath-
ering are the sources of the stream HCO
3
- runoff. 
Denitrification in the agricultural watershed can be 
estimated by comparing the HCO
3
- runoffs in the wa-
tersheds with and without agricultural activities. For 
the estimation of N
2
O emission from the watershed, 






) can be used, because deni-




O and denitriﬁ cation is the 
major process of N
2
O production in the soil (Hatano, 
2010). Usually, potential denitriﬁ cation of the soil is 
measured by the acetylene block method in a labora-
tory incubation under the condition of addition of 
NO
3
--N of 200 mg N L-1 (Tiedje, 1994). Acetylene 
concentration of 10% in the head space air of incu-





. Therefore, when the acetylene is not applied, 
potential N
2
O production can be measured. N
2
O pro-
duction ability of soil in the denitriﬁ cation is obtained 






). However, Weier et al., 
(1993) mentioned that high NO
3
- concentration (100 
kg N ha-1) and high oxygen concentration (WFPS less 












ratio increased from 15 to 30 % with decreasing pH 
from 7.67 to 5.52 in the incubation study adding the 
NO
3
- of 10 kg N ha-1 yr-1 under the anoxic condition. 
The purpose of this study is to evaluate the effect 
of improvement of the N managements in agriculture 
and food consumption by analyzing the structure 
of regional N ﬂ ows concerning C, E, L and P using 
the activity data and inventory data, and by estimat-
ing the amount of stream N runoff and regional N
2
O 
emission based on the ﬁ eld observations related to the 
NNI. 
2. Materials and Methods
1) Characterization of regional N fl ows in Japan
Amount of chemical N fertilizer consumption in 
Japan has been slightly decreased from the peak of 
0.8 million t in 1980 to 0.5 million t, with the de-
crease of arable land from 5.2 million ha in 1961 to 
4.3 million ha. Self-sufficiency of cereal crops has 
decreased from 80% in 1961 to 30% (FAO, 2011). 
Those values are almost stable after 1995. Regional 
N ﬂ ows concerning C, E, L and P were calculated us-
ing the census data of all prefectures of Japan in 1997 
organized by Mishima et al. (2004). The census data 
include human and livestock populations, arable land 
area, chemical fertilizer consumption, livestock ex-
creta utilization rate and agricultural products in each 
prefecture. Forested land area and urban area were 
obtained from the web sites of Japanese government 
(http://www.rinya.maff.go.jp/ and http://www.stat.
go.jp/, respectively). 
The N fixation rate in the fields of grassland, rice 
paddy, soybean, red bean and other legume crops was 
used as 45, 40, 100, 45 and 20 kg N ha-1 yr-1 (Yataza-
wa, 1978). For other agricultural crops, the fixation 
rate of 5 kg N ha-1 yr-1 was used (Yoshida, 1981). 
Crop residue N was estimated using N content of res-
idues and a dry-weight mass ratio of residue : yield 
(Nagumo and Hatano, 1999). Amounts of livestock N 
demand and N excreta were calculated based on the 
dietary needs for their intake. Livestock N products 
were estimated as livestock N demand - livestock N 
excreta. Self-supported feed N was estimated assum-
ing that all yields of grass and maize were for live-
stocks. The rest of the livestock N demand was as-
sumed to be supplied by imported feed N. Livestock 
excreta N application rate was calculated as livestock 
N excreta production - ammonia volatilization from 
livestock excreta - disposal N of livestock excreta. 
Ammonia volatilization from livestock excreta and 
chemical fertilizer was estimated by multiplying 
the excreta N by ammonia emission factor for each 
livestock (25.5, 25.5, 17.3, 36.0, 36.0 and 16.9 for 
dairy cattle, young cattle, beef cattle, pig, poultry 
and horse, respectively) (Bouwman et al., 1997) and 
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was estimated to be 7% of the applied chemical N 
fertilizer (Bouwman and Bowmans, 2002). Ammonia 
volatilized was assumed to deposit into farmland.
Human N demand was used as 3.14 kg N person-1 
yr-1, which was divided into excretion (2.61 kg N 
person-1 yr-1) and sewage (0.53 kg N person-1 yr-1) 
(Kunimatsu and Muraoka, 1997). The self-supported 
food was estimated assuming that the self-sufﬁ ciency 
rate of the farmer’s food was 37% of the total N de-
mand and that of non-farmers was 0% (Nagumo and 
Hatano, 1999). The imported food was calculated as 
the difference between human N demand and self-
supported food. 
Denitrification in the sewage plant was estimated 
using popularization rate of sewage plant (Japan 
Sewage Works Association 2007), human disposal N 
(assumed to be the same as human N demand), and N 
removal efﬁ ciency as 60% (Kunimatsu and Muraoka, 
1997). 
Denitriﬁ cation in the farmland soil was used as 70 
kg N ha-1 yr-1 in paddy ﬁ eld and 30 kg N ha-1 yr-1 in 
other ﬁ elds (Yatazawa, 1978). The export of food and 
feed was calculated as the total production of N mi-
nus the amounts N consumed by humans or livestock. 
The NNI was calculated as:
NNI= atmospheric N deposition + chemical N 
fertilizer + N ﬁ xation + imported food and feed N - 
exported food and feed N     (7)
The NNI was also expressed as:
NNI= ﬁ eld surplus N + human disposal N + live-
stock disposal N + denitriﬁ cation in sewage plant and 
farmland     (8) 
As human excreta N + waste N (equal to imported 
food N + self-supplied food N) is the source of NNI 
derived from food consumption, therefore, NNI from 
food consumption and NNI from agriculture can be 
expressed as:
NNI from food consumption = imported food N+ 
self-supplied food N     (9)
NNI from agriculture = NNI – NNI from food con-
sumption     (10)
The P was obtained as:
P= denitrifications in sewage plant and farmland 
(11) 
The L was calculated as:
L= NNI - denitriﬁ cation     (12) 
The C was calculated as:
C= applied livestock excreta N + self- supported 
food and feed N     (13) 
The E was obtained as:
E= exported product N of crop and livestock     (14)
Total system throughput (TST, equation (2)) and CI, 
EI, LI and PI were calculated. 
In order to investigate the major cause of the L, 
multiple regression analysis was conducted for L us-
ing the proportions of land uses (urban, paddy rice 
field, upland field and forest proportion) and the 
sources of N ﬂ ows (human population, livestock ex-
creta production, chemical N fertilizer consumption 
and N ﬁ xation). 
2) Estimation of stream N runoff and TN concen-
tration 
Regression analysis using the 52 data set of stream 
total N (TN) runoff and NNI in the watersheds of var-
ious countries, obtained by previous studies (Boyer et 
al., 2002; Filoso et al., 2003; Hayakawa et al., 2009; 
Howarth et al., 1996; Jordan et al., 1996; McIsaac et 
al., 2004), showed the signiﬁ cant regression equation 
as 
TN runoff = 0.266´ NNI + 3.34, R2= 0.344 (P<0.01) 
(15)
The data set included TN ranging from 1 to 46 kg N 
ha-1 yr-1 and NNI ranging from 2 to 96 kg N ha-1 yr-1. 
The result indicates that 27% of NNI in the watershed 
would discharge to the river. Using the discharge fac-
tor of 27%, regional stream TN runoff was calculated 
from the NNI obtained for each prefecture in Japan. 
In Japan, the water quality standard for TN concen-
tration in streams, lakes, and marshes for the preser-
vation of life and environmental quality is less than 
1 mg N L-1 (Ministry of the Environment, 2005). The 
TN concentration of each prefecture was estimated 
by dividing the stream TN runoff by water discharge 
in each prefecture. Water discharge rate was assumed 
to be 75% of precipitation (Oshima et al., 2003). The 
regional precipitation data were obtained from web 
site of Japan Meteorological Agency. 
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3) Estimation of regional N
2
O emission
Although denitriﬁ cation in the sewage plant and the 
soil was deﬁ ned as puriﬁ cation, N
2
O can emit during 
the denitriﬁ cation (Mosier et al., 1998). The regional 
N
2











- runoff was 
measured in five sub-watersheds of Shibetsu water-
shed, where relationship between NNI and stream 
TN runoff was obtained (Hayakawa et al., 2009). The 
NNI of the sub-watersheds estimated in 2003 and 
2004 ranged from 1.6 to 99.3 kg N ha-1. The HCO
3
- 
runoff was caused by denitrification and chemical 
weathering of soil minerals. The source of the de-
nitriﬁ cation was assumed as the N of NNI left from 
stream TN runoff in the watersheds [NNI - TN run-
off] and the relationship between HCO
3
- runoff (kmol 
ha-1 y-1) and [NNI - TN runoff] (kmol ha-1 y-1) was 
investigated (Hatano, 2008). The regression equation 
was obtained as follows: 
HCO
3
- runoff = 0.980´ [NNI-TN] + 3.704, R2= 
0.751 (P<0.01)     (16)
Assuming that the value of 3.704 kmol ha-1 y-1 when 
[NNI-TN runoff] equal 0 was derived from chemical 
weathering and the chemical weathering was main-
tained in all the watersheds, HCO
3
- runoff derived 
from deniriﬁ cation can be calculated as:
HCO
3
- runoff from denitrification = 0.980´ [NNI-
TN]     (17)
This indicates that almost all the NNI left from not 
discharging to river was denitriﬁ ed.






) was determined for the 
84 soil samples with pH of 4.3 to 6.6 collected from 
the soil layers of 0-5 cm, 20-25 cm and 45-50 cm 
depth at three land uses, grassland, wind breaking 
forest and riparian forest, in the 11 sub-watersheds 
with different soil types (Valcanogeneous Regosol, 
Regosolic Andosol, Ordinary Andosol, Acid Brown 
Forest soil, Brown Lowland soil, Gray Lowland soil 
and Peat soil) in Shibetsu watershed (Hayakawa et 





was measured at three replicates under anaerobic 
conditions with abundant NO
3
-N (200 mg-N L–1 as 
KNO
3
) at 25˚C by using acetylene block technique 





(Tiedje, 1994). Samples of fresh, homogenized soil 
(15 g) were placed into 100 mL serum bottles. An 
aliquot of 15 mL solution treated with NO
3
-N (200 
mg N L–1 as KNO
3
) and chloramphenicol (1 g L–1) 
was added to the bottles. The serum bottles were 





ensure anaerobic conditions, and acetylene gas was 
added to a ﬁ nal concentration of 10% (10 kPa) in the 
headspace. Production of N
2
O was measured by the 
same procedure but without addition of acetylene 
gas. Headspace gas was sampled by syringe at 2 and 
4 h and denitriﬁ cation and N
2
O production rates were 
calculated from the linear portion of N
2
O produced 
over time. Adjustments were made for soluble N
2
O in 
the bottles using a Bunsen absorption coefficient of 
0.54 at 25˚C. Nitrous oxide was determined using a 
gas chromatograph with an electron capture detector 
(GC-14B; Shimadzu, Kyoto). However, regional de-
nitriﬁ cation includes those derived from the sewage 







the denitriﬁ cation in the sewage plants was assumed 







) ratio was used for the estima-





O emission was estimated as:
Regional N
2









- runoff from denitriﬁ cation ]     (18)
3. Results and Discussion 
1) Characteristics of regional N fl ows in Japan
Fig. 1 shows the relationship between TST and C, 
E, L and P. The value is expressed as kg N per ha of 
prefecture per year. Significant linear relationship 
was found between TST and C for the plots of all pre-
fectures other than the metropolitans of Tokyo, Osaka 
and Kanagawa where TST was larger than 230 kg N 
ha-1 yr-1. From the slope of the regression equation, CI 
was obtained as 0.23, and CI became approximately 
0 in the metropolitans (Fig. 1a). The E and P were 
also signiﬁ cantly correlated with TST for all prefec-
tures other than metropolitans. From the slops of the 
regression equations, EI and PI were obtained as 0.10 
and 0.13(Fig. 1b and d). In the metropolitans, the EI 
decreased to 0, while the PI increased to 0.5. On the 
other hand, in all prefectures including the metropoli-
tans, L was significantly correlated with TST. From 
the slope of the regression equation, LI was obtained 
as 0.50 (Fig. 1c). Vasconcellos et al. (1997) suggested 
that CI is an indicator for stability of the ecosystem 
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by preventing overshoots due to external impacts. 
The CI increases with maturity of the ecosystem. The 
CI of the system with complete food self-sufﬁ ciency 
is 1. In the metropolitans, the CI was 0, and the L 
and P accounted for TST, indicating vulnerable food 
security and pollution tendency. In other prefectures, 
CI was 0.23, and the L was larger than the sum of C 
+ E, indicating that basically Japanese agriculture and 
food consumption system is on the trend of increas-
ing pollution. 
Fig. 2 shows the composition of L. Human disposal 
N accounted for more than 90% of L in the metro-
politan. Human disposal N, livestock disposal N, and 
ﬁ eld surplus N accounted for 35%, 14%, and 51% of 
the L, respectively. 
The result of multiple regression analysis showed 
that L was significantly correlated with urban area 
and upland area. Equation was as follows:
L = 3.47 × urban area % + 4.12 × upland ﬁ eld % + 
5.1053, R2 = 0.834 (P < 0.01)     (19)
Increase of the proportions of urban area and upland 
field increases L significantly. On the other hand, L 
was significantly correlated with human population 
density, livestock excreta N production, chemical N 
fertilizer consumption and N ﬁ xation. 
L = 0.0226 × human population density + 0.914 × 
Fig. 1. Relationship between total system throughput (TST) and cycling (C) (a), export (E) (b), loss (L) (c) and 
puriﬁ cation (P) (d) related to the N ﬂ ows associated with agriculture and food consumption in Japanese 
prefectures. Symbol with light color indicates metropolitans.
Fig. 2. Contributions of human disposal N, livestock disposal N, and ﬁ eld surplus N to L in Japanese prefectures.
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livestock excreta N production + 0.873 × chemical 
fertilizer consumption – 1.08 × N ﬁ xation – 1.57, R2 
= 0.975 (P < 0.01)     (20).
The equation indicates that increase of human popu-
lation density, livestock excreta, and chemical N 
fertilizer application increases L while N ﬁ xation de-
creases L.
2) Net nitrogen input 
Fig. 3 shows N flows constituting NNI in each 
prefecture. The value is expressed as kg N per ha of 
prefecture per year. In metropolitans, imported food 
N was extremely high, which was more than 200 kg 
N ha-1 yr-1. Chemical N fertilizer and imported feed 
ranged from 5 to 47 kg N ha-1 yr-1 and 2 to 78 kg N 
ha-1 yr-1, respectively. Sum of N deposition and N ﬁ x-
Fig. 3. N ﬂ ows constituting regional NNI in Japanese prefectures.
ation did not exceed 10 kg N ha-1 yr-1. Exported crop 
N and livestock product N were smaller than chemi-
cal N fertilizer application and imported feed N, re-
spectively. The NNI ranged from 13 to 272 kg N ha-1 
yr-1. Total NNI was 1.84 Mt N yr-1. In which chemical 
N fertilizer and imported food and feed N accounted 
for 35.8, 32.4 and 40.2, respectively. 
3) Estimated regional stream TN concentration in 
Japan
Fig. 4 shows the regional stream TN concentration. 
The stream TN concentration in 29 prefectures of 
total 47 prefectures in Japan exceeded the Japanese 
environmental standard of 1 mg N L-1. The stream 
TN concentration in the region of 66 % of total area 
of Japan exceeded 1 mg N L-1. The stream TN con-
Fig. 4. Estimated regional stream TN concentration in Japanese prefectures.
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centration was lower in agricultural prefecture than in 
urban prefecture. Metropolitans showed remarkably 
high TN concentration up to 7 mg N L-1. 
The stream N runoff ranged from 3.6-73.6 kgN ha-1 
yr-1 in which 2.1 to 24.2 kg N ha-1 yr-1 was derived 
from agricultural ﬁ eld and 1.0 to 70.9 kg N ha-1 yr-1 
was derived from sewage plant (Fig. 5). In the metro-
politans, the stream N runoff from sewage plant was 
extremely high. Total stream N runoff in Japan was 
estimated as 0.50 Mt N, which was 27 % of NNI, in 
which 0.33 Mt N yr-1 from agricultural ﬁ eld (66.7%) 
and 0.17 Mt yr-1 from sewage plant (33.3%). 
4) Estimated regional N
2
O emission in Japan





) measured by the acetylene block-
ing method was significantly higher in top 0-5 cm 
soil layer than in sub layers in all land uses of wind 
breaking forest, grassland and riparian forest. The 
denitriﬁ cation activity was higher in riparian forests 
(571±1602 mg N kg-1 day-1) than in wind breaking 
forests (246±337 mg N kg-1 day-1) and in grassland 







) ratio was not significant difference 
among the soil depths in land uses. The average of 
the ratio was 0.71±0.256 (n=84). Čuhel et al. (2010) 
shows the ratio decrease with increase of pH. The soil 
pH in this study ranged from 4.3 to 6.6. However, 
there was no signiﬁ cant relationship between pH and 






). Čuhel et al. (2010) also 
showed the ratio of 0.8 in the soil with pH 5.5. The 
mean soil pH of this study was 5.6. Taking into con-
Fig. 5. Regional stream N runoff derived from agricultural ﬁ eld and sewage plant in Japanese prefectures.
Fig. 6. Denitrification activity (N2O+N2) of the soil 
sampled from different depths in wind break-
ing forest, grassland and riparian forest in 
Shibetsu watershed.
Fig. 7. N2O/(N2O+N2) ratio of the soil in wind break-











) ratio of 0.71 was able to 
be acceptable. 
Table 1 shows an example of the calculation of N
2
O 
emission based on the NNI, stream N runoff, stream 
HCO
3






) ratio using the data 
obtained in Shibetsu watershed. Source of the stream 
HCO
3





) (weight base) was 
obtained by (14/12) × HCO
3
- runoff from denitrifi-
cation (weight base) based on the equation (3). Re-
gional N
2







) ratio of 0.71. The regional 
N
2
O emission was estimated as 31.6 kg N ha-1 yr-1, 
corresponded to 58.1 % of NNI and more than three 
times of stream N runoff. However, the N
2
O emis-
sion seemed to be large compared to the N
2
O emis-
sion from grassland soil in the watershed, which was 
less than 10 kg N ha-1 yr-1 (Hatano et al., 2011). The 
regional N
2
O emission may include indirect emission 
through water soluble N
2
O. However, several studies 
showed indirect N
2
O emission was lower than direct 
emission. The ratio of indirect emission to direct 
N
2
O emission was 4.6 % in a onion field in Hok-
kaido (Sawamoto et al., 2003) and 50.3 - 67.3% from 
soybean, wheat and upland rice plots and 273 - 341 
% in paddy rice plot in Tsukuba (Minamikawa et al., 
2010). The watershed includes some wet spots like 
riparian zone although the area is less than 10% and 
sub-soils may be always wet although the denitriﬁ ca-
tion activity is low due to low available water soluble 
organic carbon. Therefore, it may be possible to pro-
duce the larger N
2
O in the watershed although further 
research is required. N
2
O emission in each prefecture 
in Japan was estimated using the estimated NNI and 
regional N runoff. 
Table 1. Fate of NNI and source of HCO3
- runoff estimated based on the data obtained in Shibetsu watershed in 
2003 and 2004
NNI N runoff N2O emission N2 emission Other losses 
kgN ha-1 yr-1
54.5 9.0 31.6 12.9 0.9 
100% 16.5% 58.1% 23.7% 1.7%
HCO3
- runoff from denitriﬁ cation from weathering
kgC ha-1 yr-1
82.6 38.2 44.4 
100% 46.2% 53.8%
Fig. 8 shows the estimated regional N
2
O emission 
in each prefecture in Japan. The N
2
O emission ranged 
from 6.7 to 138.5 kg N ha-1 yr-1 in which 3.9 to 45.5 
kg N ha-1 yr-1 was derived from agricultural ﬁ eld and 
1.8 to 133.4 kg N ha-1 yr-1 was derived from sewage 
plant.
In the metropolitans, the N
2
O emission from sew-
age plant was extremely high. Total N
2
O emission 
in Japan was estimated as 0.94 Mt N yr-1, which was 
51 % of NNI, in which 0.63 Mt N yr-1 from agricul-
tural field (66.7 %) and 0.31 Mt N y-1 from sewage 
plant (33.3 %). However, there was a signiﬁ cant gap 
between the estimates of this study (0.94 Mt N y-1) 
and National Inventory (0.03 Mt N yr-1) (Ministry of 
Environment, 2011). Most signiﬁ cant problem in the 
estimation of N
2







O) ratio (0.71) may be too high. 
The NO
3
 concentration (200 ppm) in added solution 
for DEA measurement in conventional method used 





O production (Weier et al., 
1994). Combining the data of Weier et al. and this 
study, signiﬁ cant relationship between the NO
3
 con-







and the ratio at the no NO
3
 addition was 0.21. Using 
the value of 0.21 for the ratio, N
2
O emission in Japan 
was estimated as 0.24 Mt N yr-1. But, this value is 
still higher than National Inventory. It is necessary to 
improve the methodology for the ratio and to prepare 
the ratio for the representative soils in the countries. 
Mitigation of Impact of Nitrogen Cycling Associated with Agriculture and Food Consumption on 
Regional Environments
82
Another problem is that National Inventory did not 
include the increase of background N
2
O emission as-
sociated with N mineralization from SOM decompo-
sition. N
2
O emission in Japanese forest is 0.16 ±0.16 
kg N ha-1 yr-1 (Morishita et al., 2007). On the other 
hand, background N
2
O emission in upland crop was 1 
to 5 kg N ha-1 yr-1 associated with N mineralization of 
SOM decomposition (Mu, et al., 2009). But, increase 
of N
2
O emission was only 0.004 to 0.02 Mt N yr-1. 
Further research is needed to solve the gap.
Fig. 8.  Regional N2O emission from agricultural ﬁ eld and sewage treatment in Japanese prefectures.
5) Improvement of N fl ows 
As mentioned above, livestock disposal N was 
14% of L, which was 0.198 Mt N yr-1. Fig. 9 shows 
the comparison of NNI, N
2
O emission and stream N 
runoff in actual status and the status with reuse of all 
livestock excreta. When the livestock disposal N was 
used to alter chemical N fertilizer application, total 
NNI was reduced from 1.84 to 1.65 Mt N yr-1 (by 
10.8 %), and NNI derived from agriculture decreased 
from 66.7 to 62.7 % of the total NNI. Total regional 
Fig. 9. Comparison of regional NNI, N2O emission and N runoff from agriculture and sewage treatment in actual 





O emission decreased from 0.94 to 0.84 Mt N yr-1 
and total stream N runoff decreased from 0.50 to 0.44 
Mt N yr-1. This would make a reduction of the re-
gional area and the number of the prefectures, where 
stream TN concentration exceeded 1 mg N L-1, from 
66 % to 31% of total area of Japan and from 29 to 22 
of total 47 prefectures, respectively. 
Table 2 shows the characteristics of mean regional 
N ﬂ ows in Japan. Reuse of livestock disposal N in-
creased C and reduced L, but did not change E, P 
and TST. Cycling index increased and loss index de-
creased with reuse of livestock disposal N. Reuse of 
livestock disposal N decreases chemical N fertilizer 
application, resulting in the decrease of I (= E+L+P) 
and NNI as shown in Fig. 9. However, reuse of live-
stock disposal N increases C and compensates the 
decrease of chemical N fertilizer application. Due to 
this, TST is maintained although L is reduced. That 
is, cycling plays a role of N stock to be supplied to 
crops, consequently which is the same role as im-
ported chemical N fertilizer. 
Furthermore, reuse of human disposal N accounting 
for 36 % of total NNI decreases L and P and increases 
C, which reduce chemical N fertilizer application. In 
fact, human induced N treated in sewage plant was 
0.61 Mt N yr-1 which was almost same as chemical 
N fertilizer application (0.66 Mt N yr-1) and imported 
food N (0.59 Mt N yr-1). Reuse of human disposal N 
can compensate chemical N fertilizer and imported 
food N. However, in order to reduce the imported 
food N (increase of self-sufficiency), farmland area 
should be increased. Increase of upland field may 
increase N loss (equation 19). Careful discussion 
Table 2. Comparison of mean regional N ﬂ ows of cycling (C), export (E), loss (L), puriﬁ cation (P) and total sys-
tem throughput (TST), and the ﬂ ow indexes of cycling (CI), export (EI), loss (LI), puriﬁ cation (PI) in 
actual status and status with reuse of livestock disposal N in Japan.
C E L P TST
Actual 19.7 8.7 45.5 21.0 95.0 
Reuse of livestock disposal
N 26.2 8.7 39.1 21.0 95.0 
CI EI LI PI Total
Actual 0.23 0.10 0.47 0.20 1
Reuse of livestock disposal
N 0.29 0.10 0.40 0.20 1
including conservation of the land with high denitri-
fication activity, such as riparian forests or wetland 
is necessary. High denitrification activity increases 
N
2
O production, and N
2
O production is enhanced by 
soil acidiﬁ cation stimulated by chemical N fertilizer 
application. Further research to elucidate the bal-
ance between the food production and environment 
conservation is necessary. And Model prediction is 
required to assess for development and application of 
mitigation technology. However, ﬁ eld observation is 
also important to elucidate controlling factors of en-
vironmental pollutions and to determine the values.  
Conclusion
Reducing the regional N import associated with the 
imports of food and feed N and chemical N fertilizer 
by the application of human and livestock disposal N 
is required to mitigate environmental loss from agri-
culture. Application of the disposal N to the farmland 
increases N cycling to maintain crop production and 
reduces N loss as stream N runoff and N
2
O emissions. 
However, improvement of self-sufficiency of food 
requires the increase of farmland area. This often 
increases N loss. Further study is required to balance 
between food production and environment conserva-
tion. 
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